Abstract-International Electrotechnical Commission (IEC) 61850 has many benefits including great flexibility and improved interoperability, and promises to be more widely implemented in the United States with time as is already the case in many other parts of the world. This study implements Load Tap Changer (LTC) control using the IEC 61850 standard in a laboratory environment. A load tap changing power transformer with 500kV on the high voltage side and 169kV on the low voltage side is assumed. The LTC is located on the high voltage side and allows for 17 tap positions. A programmable controller and a control unit are used to measure and process the voltage signal, and to initiate the LTC motor operation. Generic Object Oriented Substation Event (GOOSE) messages are used to facilitate all required communication. This study shows that LTC operation using IEC 61850 is reliable and brings with it all the benefits that the implementation of IEC 61850 has to offer. Above all, due to elimination of the majority of copper wiring, the proposed method is very flexible and can be implemented using a variety of different devices.
With GOOSE messages, a set of data attributes combined in a dataset can be communicated. The device that has information of interest publishes this information in a GOOSE message in a multi-cast manner to the network. Other devices subscribe to and read the GOOSE message to retrieve the information. The subscription has to be configured using software that manages the overall IEC 61850 communication setup. After initial sending of a GOOSE message, the source device resends the GOOSE message in intervals of increasing duration until a maximum repetition interval is reached at which the message is repeated until the data attributes change and a new GOOSE message is formed.
The IEC 61850 standard offers many benefits to the current power system, especially in the long run. Compared to today's substation, the benefits of the full implementation of IEC 61850 are significant. First, wiring can be greatly reduced. Over multiple levels the benefits are reduced man-hours, reduced risk for the occurrence of an open circuit, and reduced need for copper. Second, flexibility can be greatly improved. Third, interoperability is achieved [1] .
II. LOAD TAP CHANGER CONTROL USING GOOSE MESSAGES

A. Proposed Control Method
The objective of the proposed method is to implement Load Tap Changer (LTC) control using key elements of IEC 61850. These key elements include a Merging Unit (MU) that provides voltage measurements to the control unit using IEC 61850 GOOSE, and an Actuator Module (AM) that operates the LTC motor and receives the command to do so from the control unit using IEC 61850 GOOSE as well. Ideally, the voltage measurements should be communicated via Sampled Values messages. However, many IEDs still do not support this feature as is the case with the devices used for this research. Therefore, GOOSE messaging is used instead to accomplish the goal of operating mainly with networked communication versus copper cable. This is a viable option for LTC control because it is not time critical. In fact, operation is delayed intentionally to avoid unnecessary actions due to brief variations in voltage. However, one scenario is that if LTC control is implemented in a transformer protection IED which utilizes current measurements only, that is it does not connect to a voltage transformer, the voltage measurements necessary for LTC control could be received from a device that does connect to the voltage transformer. Also, the proposed method could be applied as a redundant system to the existing system assuming that the available devices have IEC 61850 capabilities.
B. Prior Art
A paper published at the 10th International Conference on Developments in Power System Protection (DPSP 2010) presents the experience of a European utility with using IEC 61850 GOOSE messages for the control of parallel transformers with On-Load Tap Changers (OLTCs). Each transformer has its own IED for protection and control which also includes the LTC control. It is understood that each IED is directly wired to current and voltage instrument transformers but that particular calculated voltage values, current values and other information as needed for the proposed operation are communicated via IEC 61850 GOOSE messages [2] . Also, at the 2010, 20th Australasian Universities Power Engineering Conference (AUPEC) a paper proposes two methods for the coordination of multiple OLTCs that are in series with each other. The authors propose to use GOOSE messages to transmit "blocking, releasing and helping signal [s] " that are necessary for the coordination of multiple OLTCs [3] . In both cases, LTC control relies on voltage measurements that come from a direct connection between the controlling device and the voltage transformer. Both cases utilize GOOSE messages for additional communication necessary for the coordination of multiple transformers.
III. LOAD TAP CHANGER OPERATION TESTING
A. Load Tap Changer
A Load Tap Changer (LTC) is a mechanism internal to many transformers, especially high-voltage transformers, which can change the number of turns used in a transformer winding by selecting from a given number of available taps on that winding. It is located on one side of the transformer and functions to adjust the secondary transformer voltage to maintain it at a particular desired voltage level. Today, there are three ways to control the Load Tap Changer. One, the LTC can be controlled using a designated device, the Voltage Regulator Relay (VRR) which is currently the most common method for many utilities. Two, it can be controlled directly by the operator from the control center via the Supervisory Control And Data Acquisition (SCADA) system. Three, the LTC control can be integrated into a multifunctional IED. Often it is set up such that the control can be switched between local and remote, that is between control at the substation and at the control center respectively. As an additional backup option, the LTC can be operated manually at the transformer but is not used as the primary operating option. For this research, a load tap changing power transformer with 500kV on the high voltage side and 169kV on the low voltage side is assumed. 169kV line-to-line is equivalent to 97.57kV line-toneutral which will be used for the remaining text. The LTC is located on the high voltage side and allows for 17 tap positions. Position 0 allows the low side voltage to be decreased by 10% to 87.81kV, position 8 produces the rated 97.57kV value and position 16 allows for the voltage to be increased by 10% to 107.33kV. Each tap position therefore represents a voltage change of 1.22kV or 1.25% with respect to 97.57kV. For the particular transformer model used, raising the LTC tap increases the low side voltage and lowering the tap decreases the low side voltage.
B. Overall System
The SEL-2414 Transformer Monitor from Schweitzer Engineering Laboratories, Inc. serves as the control unit and processes the voltage measurements, deciding whether to operate the LTC and when necessary issuing a command to raise or lower the transformer tap.
The SEL-2411 Programmable Automation Controller is used to implement both the MU and the AM. In serving as the MU, it receives the voltage values from the test set over copper cable connections and provides these to the control unit with GOOSE messages. In serving as the AM, it receives a control command from the control unit via GOOSE message and issues an analog signal to the test set via copper cable connection. Fig. 1 shows the overall system configuration. 
D. Processing Function
After receiving the voltage magnitude SEL-2414 executes the control logic that was built using the Graphical Logic feature of the AcSELerator QuickSet software [5] . Multiple key elements of the control logic used in this research are based [6] . Fig. 3 shows the complete LTC control logic. Variable LTC_R controls the tap-raise function. When asserted, LTC_R remains high for 0.5 second as determined by the Raise Pulse Timer which assures that the control signal is long enough for the control action to be initiated. Three conditions have to be satisfied before LTC_R asserts. One, LTC control has to be on. Two pushbuttons on the front panel are programmed to turn LTC control on and off respectively, and one LED to indicate that LTC control is on. Two, the tap position has to be less than 16 which is the maximum tap position. How the tap position is determined will be explained later in this section. Three, the bus voltage (V_BUS) has to satisfy two conditions for LTC operation. The first condition is that the bus voltage has to drop below 96.35kV which is equivalent to one tap step below the desired voltage of 97.57kV. This threshold value is chosen for experiment purposes. It is understood that this trigger value is chosen differently in industry. The second condition is that the bus voltage has to remain below 96.35kV for at least 30 seconds as set by the 1 st Raise Timer. Thus, undesired operation due to brief spikes outside of the allowed margin is avoided. The condition that the bus voltage has to be greater than 1kV prevents LTC_R from remaining high whenever the test set is not providing any voltage and the simulated bus voltage is zero. The 2 nd + Raise Timer allows for quicker operation if one tap raise operation is not sufficient to restore the voltage level. After one tap change operation, a pickup time of 5 seconds, instead of 30 seconds, is used for additional tap changes.
Similarly, variable LTC_L controls the tap-lower function. It has the conditions that LTC control has to be one, that the tap position has to be greater than 0 which is the minimum tap position, and that the bus voltage has to be greater than 98.79kV which is equivalent to one tap step above the desired voltage of 97.57V.
To calculate the tap position, the Up Counter and the Down Counter count the number of tap-raise and tap-lower operations respectively. The Preset Value is set to 8 for both counters which is the maximum count and two LEDs on the front panel are programmed to indicate that maximum or minimum tap has been reached. A pushbutton on the front panel is programmed to reset this count to zero. The tap position number "TAP POS" is calculated using a Math Variable SELogic Equation with equation TAP POS = 8.00 + UP COUNT -DOWN COUNT. The counters automatically reset whenever the tap position count equals 8 such that the number of operations is not limited.
E. Actuator Module Function
If a decision has been made to operate the LTC tap SEL-2414 sends a GOOSE message to SEL-2411. After receiving this information SEL-2411 energizes an output contact and sends an analog signal to the Omicron test set.
IV. TESTING
A. Test Setup and Procedure
Using the State Sequencer feature of the Omicron Test Universe software [7] , the test set was configured to supply balanced 3-phase voltages simulating the line voltage and receive two binary inputs after a tap-raise or tap-lower operation.
Two experiments were run, one for raising the tap and one for lowering the tap. In the tap-raise experiment, the voltage was assumed to have dropped to 94.50kV. To get the voltage above the threshold value of 96.35kV, two tap-raise operations are necessary which would yield 96.94kV on the low voltage side. States in State Sequencer with trigger condition are set up to record the operating time as soon as the binary input signal is picked up. For the first tap raise an operating time of 30 seconds is expected which is the setting of the first timer and for the second tap raise an operating time of 5 seconds is expected which is the setting of the second timer.
The tap-lower experiment was set up very similarly to the tap-raise experiment. The only difference is that three instead of two tap change operations are required. However, the same format applies. Here, the threshold voltage for the controller to initiate a tap-lower operation is 98.79kV. As before the expected operating time for the first tap lower is 30 seconds and 5 seconds for both second and third lower.
B. Test Results
As expected, for a particular tap-raise experiment the first tap-raise signal does not occur until time 31.37 seconds. This time includes the 30 seconds from the 1st Raise Timer delay and an additional 1.37 seconds for multiple processing delays. Because LTC control is not time critical, these delays will not be discussed in further detail. The second tap raise occurs 5.002 seconds later. The explanation for the significantly quicker second tap-raise operation is that before the initiation of the second tap raise, the voltage is already below the threshold setting and the output of the 1st Raise Timer is already high. Therefore, one can conclude that the majority of the delay in the first tap-raise operation is due to the measuring and communicating of the voltage value before it is available for the logic. Indeed, the main reason for delay is that the SEL-2411 scans the chosen data attribute every half-second for data change before it is communicated via GOOSE message [8] . The results of five tap-raise experiments are shown in Table I . The units are seconds and Tnom, Tact and Tdev stand for the nominal, actual and deviated operating time respectively.
For a particular tap-lower experiment the first tap-lower operation occurs after 31.25 seconds with a delay of 1.254 seconds, the second operation occurs after 5.002 seconds with a delay of 0.0015 second and the third after 5.01 seconds with a delay of 0.01 second. All operations happen as expected, only with a significant delay for the first operation. These results are consistent with the ones from the tap-raise experiment and can be explained similarly. The results of five tap-lower experiments are summarized in Table II. Another quantity of interest is the tap position count. It has been tested and verified that the tap position count does not go beyond its limits of 0 and 16, that the two indicator LEDs on the front panel do indicate that either the upper or lower limit has been reached and that the LTC does not operate once those limits have been reached.
V. DISCUSSION
For the application of LTC control the results of this research are satisfactory. Because fast operation is not essential the observed operation delays are acceptable. However, as IEC 61850 is more widely implemented, intermediate devices are likely to be more specialized versus multifunctional IEDs as are the devices used for this research which would result in reduced processing delays.
More important than fast operation is the reliability of operation. During the testing for this research the proposed scheme has operated reliably, that is it always operated correctly and never operated incorrectly. If a LTC failed to operate, the voltage would remain at a poor level which may result in a prolonged undervoltage or overvoltage condition. Also, if a LTC misoperated it may cause the system to start an undervoltage or overvoltage condition. Due to such conditions decreased performance, decreased service life and failure of load-side equipment may result, as well as, in extreme cases, instability and potential failure of sections of the power system and the power system at large.
The major advantage of the proposed LTC control solution is that it can be implemented using GOOSE messaging which is becoming more and more widely available for protection and automation devices in the power industry. By relying on networked communication versus copper cable connection, it is very flexible and can be implemented on different multifunctional IEDs.
VI. CONCLUSION
It was the goal of this research to achieve full implementation of IEC 61850 in LTC control. This goal has been accomplished as can be seen in Fig. 4 . It shows the two devices used for this research and their connections. Notice that the control unit SEL-2414 (on the left) has an Ethernet connection only. Functioning as the MU and as the AM, SEL-2411 (one the right) has copper cable connections to receive voltages and send tap change signals to the tap change motor. It also has an Ethernet connection for communicating with SEL-2414. Fig. 4 .
Picture of Used Devices
The next step in this research could be to use Sampled Values messaging to communicate voltage measurements to the control unit as well as to advance the control logic to accommodate more realistic operating conditions such as triggering LTC operation according to predicted load flow or blocking of LTC control during fault or other abnormal conditions.
Additional improvements can be: (1), implementation of narrow-band and wide-band margin for the operating voltage so that if too many operations occur on the narrow-band setting, operation could be switched to the wideband setting; and (2), using the positive-sequence voltage for the operating voltage in the logic to improve reliability in the case that the voltage of the three phases is not sufficiently well balanced (the positive-sequence voltage was not available in the devices used for this research). Also, to confirm reliable operation under a variety of network conditions exhaustive and automated testing could be done.
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